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CONSPECTUS: Creating a living system from nonliving matter is a great challenge in
chemistry and biophysics. The early history of life can provide inspiration from the idea of the
prebiotic “RNA World” established by ribozymes, in which all genetic and catalytic activities
were executed by RNA. Such a system could be much simpler than the interdependent central
dogma characterizing life today. At the same time, cooperative systems require a mechanism
such as cellular compartmentalization in order to survive and evolve. Minimal cells might
therefore consist of simple vesicles enclosing a prebiotic RNA metabolism.

The internal volume of a vesicle is a distinctive environment due to its closed boundary, which
alters diffusion and available volume for macromolecules and changes effective molecular
concentrations, among other considerations. These physical effects are mechanistically distinct
from chemical interactions, such as electrostatic repulsion, that might also occur between the
membrane boundary and encapsulated contents. Both indirect and direct interactions between
the membrane and RNA can give rise to nonintuitive, “emergent” behaviors in the model
protocell system. We have been examining how encapsulation inside membrane vesicles would affect the folding and activity of
entrapped RNA.

Using biophysical techniques such as FRET, we characterized ribozyme folding and activity inside vesicles. Encapsulation inside
model protocells generally promoted RNA folding, consistent with an excluded volume effect, independently of chemical
interactions. This energetic stabilization translated into increased ribozyme activity in two different systems that were studied
(hairpin ribozyme and self-aminoacylating RNAs). A particularly intriguing finding was that encapsulation could rescue the activity
of mutant ribozymes, suggesting that encapsulation could affect not only folding and activity but also evolution. To study this
further, we developed a high-throughput sequencing assay to measure the aminoacylation kinetics of many thousands of ribozyme
variants in parallel. The results revealed an unexpected tendency for encapsulation to improve the better ribozyme variants more
than worse variants. During evolution, this effect would create a tilted playing field, so to speak, that would give additional fitness
gains to already-high-activity variants. According to Fisher’s Fundamental Theorem of Natural Selection, the increased variance in
fitness should manifest as faster evolutionary adaptation. This prediction was borne out experimentally during in vitro evolution,
where we observed that the initially diverse ribozyme population converged more quickly to the most active sequences when they
were encapsulated inside vesicles.

The studies in this Account have expanded our understanding of emergent protocell behavior, by showing how simply entrapping an
RNA inside a vesicle, which could occur spontaneously during vesicle formation, might profoundly affect the evolutionary landscape
of the RNA. Because of the exponential dynamics of replication and selection, even small changes to activity and function could lead
to major evolutionary consequences. By closely studying the details of minimal yet surprisingly complex protocells, we might one day
trace a pathway from encapsulated RNA to a living system.
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several model nucleic acids as well as the hairpin
ribozyme in model protocells. Encapsulation stabilized
secondary and tertiary structures and rescued folding-
deficient mutants of the hairpin ribozyme.

Lai, Y.-C; Liu, Z.; Chen, I. A. Encapsulation of
Ribozymes inside Model Protocells Leads to Faster
Evolutionary Adaptation. Proc. Natl. Acad. Sci. USA
2021, 118, €2025054118.” An asymmetry in the effects
of encapsulation on a wide variety of mutant ribozymes
led to a “rich get richer” phenomenon in protocells,
accelerating ribozyme evolution in vitro.

B INTRODUCTION

Building minimal cells from nonliving materials is a
fundamental challenge in synthetic biology, driven by a diverse
set of motivations, from peering at our own origins to creating
programmable biochemical factories. To approach this
problem, many take inspiration from nature and biology. All
cells come from cells (omnis cellula e cellula), except for the first
cells, which must have somehow emerged from the chemistry
of self-assembly and self-replication. The now-complex system
of storing genetic information in DNA, transcribing into RNA,
and translating into proteins via the genetic code, led early
molecular biologists to propose that ancient life could have
been much simpler: RNA might serve as the central, and
possibly sole, biomolecular constituent of early life, simulta-
neously performing biocatalysis and carrying genetic informa-
tion."™ This hypothesis is especially tempting since RNA now
plays a myriad of fascinating and fundamental roles in biology,
from catalyzing protein synthesis in the ribosome to carrying
electrons for the cell in redox-active dinucleotides. The
evidence for an early “RNA World” era is circumstantial,
though, and there is little hope of finding direct evidence, such
as fossils of primitive cells, owing to the age of these events
(roughly 3—4 billion years ago). The difficulty of proving
historical events at the ori%in of life has led to some criticism in
the context of exobiology, 9 which was skewered in a polemical
essay by paleontologist G. Simpson as a field that “has yet to
demonstrate that its subject matter exists”.'" However, such
criticism misses a crucial point, namely that, like many other
science and engineering disciplines, one of the main purposes
of the field is to create its subject. The RNA World is an
intellectual framework that guides bottom-up construction of
simple cells, lacking the massive overhead of modern biology,
regardless of whether an RNA World actually existed on the
early earth.

Minimal life requires more than just evolving information.
Specifically, RNA enzymes (ribozymes) must cooperate with
one another because a functional, folded molecule cannot
physically access its own entire sequence. At least two
molecules are required to maintain a replication cycle, one to
act as template and one to act as the catalyst. Such a system
could be easily parasitized, though, by other sequences that act
as perfectly good templates but have no catalytic activity. In
this case, Darwinian selection would technically occur, possibly
satisfying the widespread working definition of life put forth by
a NASA working group (a “self-sustained chemical system
capable of Darwinian evolution”),'” but would wind down to a
dead end and loss of the replicator phenotype. Several
mechanisms can be invoked to counter this tendency,"
generally involving a feedback mechanism whereby the
ribozyme products affect the fitness of the ribozyme that
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made them."* A simple mechanism is compartmentalization
(including by protocell membranes), which keeps the
replicating system together and prevents parasitic sequences
from accessing their catalytic resources.'”'® Indeed, compart-
mentalization has been experimentally demonstrated to
prevent parasitic takeover of an RNA replicator system,"” "’
is theoretically advantageous compared to other mechanisms
such as surfaced-based, cellular automata-like orga.nization,20
and is validated by modern biology as a basic mechanism for
defining genetic entities. In addition to these evolutionary
effects, membrane encapsulation enables several key functions
like nutrient transport, signal transduction, maintenance of
chemical gradients, and growth and division of protocells.”**
Therefore, synthetic protocells encapsulating RNA have
emerged as a prominent goal for researchers interested in
creating a minimal living system.'***

A conceptually simple model of protocells may be
constructed with prebiotically plausible single-chain amphi-
philes, namely fatty acids and their derivatives, encapsulating
catalytic RNA. These vesicles can be readily prepared in the
laboratory. Interestingly, individual protocells can grow when
“fed” with fatty acid molecules and divide when subjected to
physical manipulations.”*™>° During this primitive cell cycle,
the protocells mostly maintain encapsulated material and thus
create compartmentalized units for potential selection and
evolution. Compared to diacyl phospholipids, which com-
monly compose the membranes of modern cells, fatty acid
membranes provide greater permeability for relatively small
molecules and display more rapid molecular dynamics.
However, fatty acid vesicles, which are negatively charged
overall, do show colloidal instability in the presence of divalent
cations such as magnesium and calcium, which is problematic
because ribozyme folding and catalysis often require divalent
cations to interact with the negatively charged sugar—
phosphate backbone of RNA.”’~*’ Strategies to stabilize fatty
acid vesicles include adding significant percentages of
phospholipids or other lipids, including prebiotically plausible
single-chain amphiphiles, or adding partial chelation
agents.”"™** Vesicles composed of simple lipids can already
exhibit intriguing behaviors reminiscent of biological cells. For
example, in addition to their ability to grow when fed, which
derives from the thermodynamically downbhill incorporation of
lipids into the outer leaflet followed by rapid flip-flop of lipids
to the inner leaflet, multilamellar vesicles can exhibit growth
and division driven solely by compositional heterogeneity
among individual vesicles.”* Fatty acid vesicles are also
resistant to fusion under a variety of conditions that would
cause fusion of phospholipid membranes, because monoacyl
lipids cannot “splay” (in the way that diacyl lipids can) to
bridge two hemifused vesicles. This behavior has the surprising
consequence of helping to preserve the individual identities of
their aqueous compartments.”> These observations indicate
that an interplay of chemical and biophysical forces in even
quite simple systems can lead to nontrivial behaviors that
might be called “emergent”.*

When the vesicles encapsulate significant contents, such as
RNA, to make protocells, the added complexity, though
seemingly minor, also creates a new set of behaviors. For
example, encapsulated RNA (or other solutes) causes vesicles
to grow larger by exerting osmotic pressure on the membrane
that can be relieved through incorporation of more lipidf’7 thus
linking together the amount of RNA to the growth for
individual vesicles. An analogous phenomenon was observed in
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Figure 1. Effects of protocell encapsulation on ribozymes. (a) Schematic drawing of a fatty acid vesicle (60 nm diameter") encapsulating a hairpin
ribozyme (PDB: 20UE, docked conformation at top right) and a 70S ribosome (PDB: 4V42, purple/green structure in center). The undocked
conformation of the hairpin ribozyme is an artistic illustration and is not based on a solved structure. Encapsulation shifts the equilibrium toward
the docked state of the hairpin ribozyme due to physical confinement effects. Such effects are expected to be greater for larger multisubunit
structures such as a ribosome. The molecules are drawn approximately to scale; for comparison, the diameter of an A-form helix is 2.3 nm and the
thickness of a membrane bilayer is approximately 3 nm, depending on the lipid. (b) Ilustration of the excluded volume effect from confinement
inside a boundary membrane. The native (N), folded conformation of a ribozyme (green) has a specific compact shape that can be configured at
multiple positions. When a boundary is present, some configurations (gray) are disallowed due to steric clashes with the membrane. The membrane
boundary creates a volume from which the center of the molecule is excluded (blue zone). For the unfolded conformations (U), many
configurations are possible, differing in both position and conformation (red/orange). When a boundary is present, as with N, many of these
configurations are disallowed due to steric clashes (gray). However, a greater fraction of U configurations is affected compared to N, due to the
extended nature of the U conformations. For U, the precise exclusion zone (blue) depends on the conformation, but is generally larger for U
compared to N. The relative decrease in the number of accessible configurations for U is the basis for reduced entropy, and thus higher free energy
of U relative to N, when encapsulated. (c) Encapsulation increases the rate of evolutionary adaptation of ribozymes, compared to unencapsulated
ribozymes. In this drawing, each dot corresponds to a mutant ribozyme, with different colors representing different sequences (magenta colors
being the highest fitness sequences). Encapsulation is represented by a gray circle around the dot. Beginning with a diverse set, without
encapsulation (top row), the population adapts slowly, requiring several rounds of in vitro selection to converge on the fittest sequences (magenta
shades). In contrast, the population of encapsulated RNAs converges quickly onto the fittest sequences (bottom row).

polypeptide-based giant vesicles, where gene expression environment that differs significantly from dilute aqueous
increased the internal osmotic pressure and resulted in vesicle solutions.”** The geometry created by these macromolecules
growth.’® These effects tie together internal metabolism to confined to the aqueous interior has multiple consequences,
membrane growth, showing that these components of the such as increased effective concentrations of small molecules
protocell effectively work together even without specific due to the volume that is excluded by the macromolecules;
mechanisms for interaction.'* In addition, protocells encapsu- hindered diffusion near the walls of a container, an effect that
lating RNA can exchange material during freeze—thaw cycles,” persists several particle lengths from the wall;** and depletion
leading to a kind of horizontal gene transfer, and encapsulation forces, in which molecule centers are physically excluded from
of random oligonucleotides create a mechanism for homeo- a significant region surrounding large particles, creating an
stasis in ribozyme activity.*” These life-like behaviors are not osmotic gradient that, along with an entropic tendency to
necessarily unique to RNA protocells. Growth, division, and maximize the volume available to the molecules, creates an
phenotype-based selection can be observed when encapsulat- attractive force between large particles.”’ = These effects are
ing DNA and enzymes,""** and even with an emulsified distinct from chemical interactions such as van der Waals
formose reaction solution.”> However, RNA is a system of forces, electrostatic attraction or repulsion, hydrogen bonding,
choice for protocells. Its world-building potential comes not or the hydrophobic effect, but arise only from general physical
only from its genetic and catalytic possibilities, but also from its considerations, particularly the inability of different molecules
properties that tap into the nanoscale realm of colloid to occupy the same space. Thus, they must also occur inside
chemistry and macromolecular biophysics. protocells, which have a defined membrane boundary as well as
The modern cellular environment is densely crowded with macromolecular RNA, components that may interact either
macromolecules, including DNA, RNA, proteins, and lipids, as directly through chemical interactions, or indirectly through
well as a large number of small molecules, creating a distinctive excluded volume and confinement effects. We have been
2060 https://doi.org/10.1021/acs.accounts.4c00174
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exploring how simply physically encapsulating RNA might
affect its properties and ultimately result in emergent protocell
behaviors.

B THE PHYSICAL IMPORTANCE OF A CONTAINER
FOR RNA

When fatty acid vesicles encapsulating RNA were first being
developed as model protocells, a small self-cleaving ribozyme
(the hammerhead ribozyme) was used to test whether the
RNA would still be active once encapsulated. After accounting
for a decrease in Mg®" activity due to association with the
negatively charged membrane, we found that the hammerhead
self-cleavage rate constant dropped by about half when
encapsulated.” At the time, we were focused on ensuring
chemical compatibility between the vesicles and ribozymes,
which centered around various issues related to Mg2+, so we
were satisfied by simply finding any conditions under which
the ribozymes still worked inside vesicles. Over the next several
years, a fascinating series of papers was published describing
how crowding agents cause compaction and folding of RNA
through excluded volume®*™*° (these and later work are
reviewed in”""’). Since the confining boundaries of vesicles
would also exclude volume, we hypothesized that protocells
might similarly enhance RNA folding (Figure la).*® (We had
by then forgotten about our earlier result showing slightly
lower hammerhead ribozyme activity inside vesicles, which
turned out to be fortunate since it did not deter us from this
line of inquiry, in which we dissected the separate importance
of both chemical interactions and excluded volume effects.)
To study RNA activity, we chose an artificially selected RNA
aptamer that binds the triphenylmethane dye malachite green
(MG).” While MG in solution is essentially nonfluorescent
due to facile vibrational de-excitation, binding of the aptamer
restricts vibrational modes and thus increases MG fluorescence
almost 2360-fold.”” We found that MG was permeable to the
membrane, so this “light-up” aptamer presented a straightfor-
ward assay for aptamer activity (although this aptamer choice
would later turn out to be admittedly less straightforward in a
different system involving minerals’'). We first checked
whether RNA exposed to vesicles, but not encapsulated (i.e.,
outside vesicles), would exhibit any change in binding constant
(Kp). To our initial surprise, mere exposure to lipids could
decrease binding affinity significantly, especially when the
headgroup was zwitterionic." Negatively charged lipids,
including fatty acids, had a more modest effect, while positively
charged lipids led to extensive aggregation in the presence of
RNA,°* implicating electrostatic associations disrupting
activity. The importance of chemical interactions between
lipids and RNA has also been observed for tRNA,** and is
supported by the variety of effects we observed when adding
different crowding agents to the MG aptamer, as also seen for
the adenine riboswitch.** Observing these chemical inter-
actions clarified that the proper control to study a physical
confinement effect for encapsulated RNA would be RNA
“outside vesicles” (that is, exposed to the chemical environ-
ment of vesicles but not actually encapsulated), not RNA in
dilute solution. This realization also solved the puzzle of why
the hammerhead ribozyme had appeared to lose activity when
encapsulated in our earlier study; the comparison to dilute
solution had been confounded by the effect of exposure to
lipids. Moving on to RNA encapsulated inside large unilamellar
vesicles (generally 60—100 nm in diameter after extrusion), we
indeed observed a ~ 3-fold increase in binding affinity of the
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aptamer compared to the “outside vesicle” control, regardless
of the vesicle type. Assuming random encapsulation, a simple
calculation suggested that most vesicles would contain 0 to a
few RNA molecules on average.' These effects were
approximately quantitatively consistent with a theoretical
prediction of individual biopolymers folding inside spherical
containers.*”*® The general idea is that the RNA exists in an
ensemble of different conformations, some being compact and
others being more extended. The presence of the boundary
wall and its exclusion zone reduces the number of states
available to more extended conformations, reducing their
entropy. So, as the free energies of extended conformations are
increased, compact conformations would be relatively
stabilized within the ensemble (Figure 1b). For RNAs for
which properly folded, functional conformations are compact
relative to unfolded conformations, the overall effect of
geometrical confinement can stabilize RNA folding. Thus,
these results suggested that, in a prebiotic soup containing
both RNA and lipids,”* RNAs that happened to be fortuitously
encapsulated (or that promoted their own encapsulation)
would benefit from improved folding and activity compared to
their less fortunate counterparts left outside vesicles.

To directly probe the effect of encapsulation on RNA
folding, we encapsulated model oligonucleotides, an RNA
stem-loop and a DNA triplex, and used fluorescence assays to
verify that encapsulation shifted the equilibrium toward the
folded form, favoring formation of base pairs or noncanonical
triple-base interactions, respectively.” To determine whether
effects on folding would translate directly into ribozyme
activity, we then studied the hairpin ribozyme, which cleaves
an RNA substrate following Michaelis—Menten enzyme
kinetics. Confirming the generally denaturing effect of lipids,
we noticed decreasing activity (ke and k./K,, values) with
increasing lipid when RNA was outside vesicles, with complete
loss of activity at higher lipid concentrations. However,
encapsulation inside vesicles fully protected the ribozymes
from this loss of activity.” The catalytic mechanism of the
hairpin ribozyme requires docking between two RNA stems to
form an on-pathway tertiary contact, a step that is rate-limiting
for the ribozyme.”” Following docking through FRET,
encapsulated ribozymes showed both faster docking and a
greater steady-state population of the docked intermediate,
indicating stabilization of the docked conformation as well as
the transition state. To push the limits of this effect, we tested
known folding-deficient mutants of the hairpin ribozyme, that
do not normally exhibit detectable docking or catalytic activity
for an RNA ligation reaction. Encapsulation was able to rescue
both docking and ligation activity in these mutants. Consistent
with boundary confinement, encapsulation in larger vesicles
(approximately 200 nm in diameter) gave a smaller effect.” To
sum up, encapsulation promoted a variety of secondary and
tertiary interactions for RNA, which appears to be consistent
with an excluded volume effect caused by confinement by the
membrane boundary, and which results in better activity inside
vesicles.

B PROTOCELLS AS EVOLUTIONARY ACCELERANT

Of particular interest to us was the observation that
encapsulation profoundly affected the activity of the folding-
deficient ribozyme mutants, bringing their activity close to
wild-type levels. This signaled a potential connection between
physical effects of encapsulation and ribozyme evolution. For
over a decade, our laboratory has also been engaged in

https://doi.org/10.1021/acs.accounts.4c00174
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studying the sequence-activity relationship of ribozymes
(known as the “fitness landscape”) to understand the
emergence and evolution of RNA function.”®””* The fitness
landscape is the function of fitness over multidimensional
sequence space. For molecules, fitness is often equated with
chemical activity, such as rate, meaning that the activity being
studied is assumed to be important for the organism or system.
Fitness landscapes for ribozymes are generally composed of
“peaks” of high-activity (high fitness) sequences with the vast
majority of sequences being very low in activity (ie.,
nonfunctional). Around a wild-type ribozyme sequence, there
exist mutants with varying degrees of activity, corresponding to
a partially epistatic local landscape. While Darwinian evolution
is often associated with survival of the fittest, mutational
robustness, i.e., tolerance of mutations without loss of activity,
can also be an important factor. That is, at relatively high
mutation rates, a “survival of the flattest” would have also
applied to evolution in error-prone primitive systems.”*”"* We
were intrigued by the possibility that excluded volume effects,
brought about by vesicle confinement or crowding agents,”
might essentially flatten the fitness landscape by stabilizing the
folding and thus increasing the fitness of ribozyme mutants.
Perhaps more importantly for the emergence of function,
raising the activity of mutant ribozymes would also simply
increase the frequency of active ribozymes in sequence space,
making ribozymes easier to discover during random sequence
exploration.

While we had developed techniques to map complete fitness
landscapes for RNA, they would be technically difficult to
apply to encapsulated RNA due to relatively low encapsulation
yields. Therefore, we focused on several families of self-
aminoacylating RNAs that we had previously discovered.”” We
generated a library of tens of thousands of ribozyme mutants
and encapsulated them to test their activity inside vesicles
compared to an outside-vesicle condition.” This experiment
was enabled by a massively parallel assay for ribozyme rates, k-
Seq, which we had developed based on high-throughput
sequencing,”’ that allowed us to determine rate constants for
many mutants in a small number of experiments. Consistent
with our prior studies, there was nearly universal improvement
in activity for the ribozymes when they were encapsulated,
validating the generality of the confinement effect and the idea
that encapsulation would increase the frequency of functional
sequences. At the same time, a subtle feature caught our eye as
well. When plotting ribozyme activity inside vesicles vs outside
vesicles, the high-activity sequences improved noticeably more
when encapsulated compared to the low-activity sequences.
That is, while all sequences were more active when
encapsulated, the greater the original activity of the sequence,
the more benefit was conferred by encapsulation. This
observation, based on data from thousands of self-amino-
acylating ribozyme mutants, actually ran counter to our
intuition that the fitness landscape would be “flattened” by
encapsulation (which was based on the observed rescue of two
folding-deficient mutants of the hairpin ribozyme), a point to
which we will return later in this section. This phenomenon, in
which high-activity sequences made greater fitness gains, is a
type of Matthew effect, seen often in biology and sociology
wherein “the rich get richer”.*" Fitter ribozymes gained an even
greater advantage when encapsulated.

This observed asymmetry excited us because of its
implication for natural selection. Fisher’s Fundamental
Theorem of Natural Selection states that the rate of adaptation
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of a population is proportional to the variance of fitness, i.e, a
population with large variance quickly converges to the fittest
genotypes, while a population of many similarly fit variants
converges slowly. By “helping” better ribozymes more than
less-active ribozymes, encapsulation had the effect of increasing
the fitness variance among the sequences. Fisher’s theorem is
not widely applied in biology because it only accounts for
genetic variation and natural selection, ignoring gene-environ-
ment interactions, feedback between the population and the
fitness landscape, environmental changes, incomplete pene-
trance, genetic drift, mutation-selection balance,®’ and other
essential factors. However, in vitro evolution of ribozymes,
which have a very tight genotype-phenotype link, has few
confounding factors, and thus Fisher’s theorem could hold
some weight in these experiments. To test the possible effect of
encapsulation on the rate of adaptation, following upon work
in our lab mapping RNA fitness landscapes,®*”"*™"* we
applied in vitro selection to a pool of ribozyme mutants. The
RNA was encapsulated, and the model protocells were
incubated with a permeable biotinylated tyrosine analog
(biotinyl-Tyr(Me)-oxazolone), producing aminoacyl-RNA in-
side the vesicles. Organic extraction lysed the vesicles and
removed the lipids, and reacted RNAs were isolated by pull-
down using streptavidin beads, amplified by RT-PCR, and
transcribed for the next round of encapsulation and selection.
Upon this selection for self-aminoacylating activity, we found
that indeed, ribozymes adapted more quickly when they were
encapsulated, compared to either free solution or when outside
the vesicles (Figure 1c).” These results imply that, in addition
to improving ribozyme activity, protocell encapsulation would
accelerate ribozyme evolution by natural selection.

Why should encapsulation lead to a Matthew effect for
ribozyme activity? While the answer is a matter of speculation
at this time, some perspective might be gained by considering
the shape of the Boltzmann sigmoidal curve, which describes
the fraction of molecules occupying one state in a two-state
equilibrium (e.g, the fraction of folded RNA molecules)
(Figure 2a).”” Different ribozymes sit at different positions on
this curve. A well-folded ribozyme is positioned high on the
curve, such that a given amount of energetic stabilization (from
confinement) gives little increase in the fraction folded, a
quantity which is already high. On this part of the curve, higher
starting positions yield diminishing returns for a given
energetic stabilization. A highly evolved ribozyme may occupy
this portion of the curve, in which low-activity mutants benefit
more, consistent with the rescue of folding-deficient mutants
for the hairpin ribozyme, for which encapsulation brought up
the fitness of mutants closer to the wild-type level. On the
other hand, poorly folded ribozymes are positioned low on the
curve, and the same amount of energetic stabilization could
increase the fraction folded quite a bit. In this regime, starting a
bit higher on the curve gives a greater boost in the fraction
folded for the same energetic stabilization. It is reasonable to
suppose that the self-aminoacylating ribozymes evolved in our
lab, whose informational region had been deliberately designed
to be quite small (21 nucleotides) in order to map a complete
sequence space, are generally poorly folded and therefore
occupy this lower portion of the curve. For example, the self-
aminoacylating ribozymes are predicted to have a minimum
free energy of —13 to —16 kcal/mol, compared to —25 kcal/
mol for the hairpin ribozyme (based on the ViennaRNA®*’
nearest-neighbor model®** with 1 M salt, 37 °C). Thus, the
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Figure 2. Confinement and evolutionary adaptation. (a) Boltzmann
sigmoidal curve for two-state equilibrium. The fraction in one state
(e.g, folded conformation) is shown as a function of free energy
difference AG (Gupgolged — Groldeq)- Confinement increases the energy
of the unfolded state (Gyyiqeq) By + Ax, leading to an increase in the
fraction of folded molecules (+Af). If ribozymes are generally well-
folded (high on the curve), confinement improves a better-folded
variant (blue) less compared to a moderately folded variant (green)
for the same increase Ax, ie., Af, < Af;. On the other hand, if the
ribozymes are generally poorly folded (low on the curve), confine-
ment improves the better-folded variant (orange) more than it
improves the poorly folded variant (red), i.e., Af, > Af;, consistent
with our observations. (b) Illustrated comparison of a “peak” on a
ribozyme fitness landscape with (purple) or without (blue)
encapsulation. We suggest that confinement would sharpen the
fitness landscape at low fitness, as observed for self-aminocylating
RNAs, leading to greater slope in this region of sequence space. At the
same time, confinement would rescue mutants close to high fitness, as
observed for the hairpin ribozyme, leading to flattening of the peak
apex.

positive curvature (positive second derivative) of this region of
the sigmoid curve could result in a Matthew effect as observed.

While the curve is drawn with respect to free energy
difference, a similar curve might apply to molecular fitness,
such as if ribozyme fitness is proportional to the fraction folded
or to the population of an intermediate state. In the case of
ribozymes, our prior work has found that the frequency of
RNA sequences at increasing fitness falls along a decreasing
curve that fits the right side of a log-normal distribution, as
inferred from experimental dynamics and high-throughput
measurements of in vitro selection.”””® In other words, a
random population of RNAs contains many sequences of low
fitness, and higher fitness sequences are increasingly scarce.
Compounding this, models of prebiotic synthesis of polymer
sequences suggest that abundance generally decreases with
length, but a minimal length is usually required for functional
activity (see®® for discussion). Therefore, one may speculate
that an emerging biochemical system would begin with short,
poorly functional RNAs, and therefore encapsulation would
initially accelerate adaptation, as we observed for the self-
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aminoacylating RNAs. Later, once more advanced, well-folded
RNAs evolved, encapsulation would slow down adaptation by
effectively buffering the sequences against deleterious muta-
tions, as we observed for the hairpin ribozyme. In other words,
encapsulation would “sharpen” the fitness landscape at low
fitness, and “flatten” the fitness landscape at high fitness,
resulting in both a faster climb and greater diversity once the
peak is attained (Figure 2b).

B OUTLOOK

Looking back at various emergent properties exhibited by
protocells encapsulating RNA, one might be delighted by the
range of life-like behaviors. The work described here also
brings up additional possibilities. For example, a predicted
consequence of the experimental Matthew effect observed for
self-aminoacylating RNAs is that encapsulation should also
increase the information capacity of the ribozyme genome.
This expectation is based on the principle that the amount of
information (L,,) that can be stably maintained in a
replicating system is limited by both the mutation rate (y)
and the relative fitness difference (f) (in the classic error
threshold model, L, = (In f)/,u).8 7 Thus, higher fitness
advantages brought about by encapsulation should allow
greater complexity to evolve. At the same time, one might
also fairly ask whether these behaviors, such as accelerated
evolution and mutational tolerance, could have been predicted
in advance, and if so, whether such systems are truly life-like.
While behaviors should always be physically rationalizable post
hoc, protocells are approaching a fascinating point where the
chemical system becomes complex enough to be fundamen-
tally unpredictable due to a combinatorial explosion in the
number of possible sequence and chemical states. In addition
to the RNA sequences (whose potential space grows
exponentially with molecular length), the membranes and
their effects on RNA also represent a rich source of diversity
and dynamism. This might be appreciated in the already richly
altered evolutionary behavior anticipated on the basis of the
physical confinement of encapsulation. While we have focused
on membrane-bound protocells, protocells have also been
modeled using membraneless aqueous two-phase systems (e.g.,
complex coacervates; reviewed elsewhere®® %) or, more
recently, membrane-encapsulated coacervates.”’ The biophys-
ical environment of these compartments is also significantly
altered and may have surprising effects on the RNA
system.””~”> The history of life is a story of exceptions rather
than averages, and the synthetic biology of protocells may soon
join this categorization. Fortunately, technical innovations are
continuously extending our analytical reach, stimulating the
community of researchers dedicated to the humble, yet
exceptional, protocell.
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